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ABSTRACT 

Autistic children often experience differences in rhythmic skills and executive functioning, which are associated with rhythm- 
related challenges and the degree of autistic traits. Training rhythmic skills could support autistic individuals, given the 
fundamental role of timing skills in various aspects of cognitive, motor, and social functioning. We evaluated the feasibility of 
rhythmic training to support perceptual, motor, and cognitive functioning by testing Rhythm Workers (RW), a finger-tapping 
serious game, in autistic children (ages 7–13; n = 26). Participants were randomly assigned to play either RW or a control game 
with similar auditory-motor demands over 2 weeks. Feasibility results showed high compliance (retention, adherence) and similar 
engagement (training duration, enjoyment, perceived difficulty) for both games. Compared to the control group, children who 
played RW showed greater improvement in rhythmic skills as a function of training duration and autistic traits (social awareness). 
Gains were also observed in composite scores of executive functioning (accuracy), though not all subcomponent tasks showed 
significant effects. These findings offer preliminary support for the feasibility of implementing digital gamified rhythmic training 
for autistic children, and suggest potential benefits for motor and cognitive engagement that warrant further investigation. 
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 Introduction 

usic-based interventions have emerged as a promising
pproach to support individuals with neurological and
eurodevelopmental conditions by engaging the brain’s
atural responsiveness to music. Rhythm, a core element of
usic, underpins motor coordination, attention, and executive
unctioning [ 1–3 ]. Rhythmic training using auditory stimuli—
uch as tapping to a beat or clapping to rhythms—has been shown
o enhance rhythmic skills and cognitive functions, supporting
ndividuals who stutter, with attention-deficit/hyperactivity
isorder (ADHD), Parkinson’s disease, and those on the autism
pectrum [ 4–9 , 36 ]. Beyond motor coordination, rhythm-based
his is an open access article under the terms of the Creative Commons Attribution-NonCommercial-N
s properly cited, the use is non-commercial and no modifications or adaptations are made. 
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training engages beat synchronization mechanisms that rely
on internal timing and predictive models [ 10, 11 ], which are
increasingly involved in higher-order cognitive and social
processes. Accordingly, rhythm-based interventions have been
shown to support motor timing [ 11 ], cognitive functioning
[ 12 ], and social communication [ 13 ]. These functions map
onto core characteristics of autism, where atypical rhythmic
synchronization and timing precision have been linked to
social cognition and adaptive functioning [ 14–17 ]. However,
intervention research on these effects remains limited and
is needed to determine whether rhythm-based interventions
can meaningfully support functioning in neurodevelopmental
populations. 
oDerivs License, which permits use and distribution in any medium, provided the original work 
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2

usic-based interventions have been associated with parent-
eported communication and improvements in overall well-being
nd quality of life for autistic individuals, though their effects
n cognitive and social functioning remain inconclusive [ 18 ].
ecent advances in digital health, such as serious games (games
ith a health-related intent), have made music-based approaches
ore accessible and engaging [ 19 ]. Nonrhythmic serious games
ave shown promising effects on emotion recognition, emotional
egulation, and joint attention in autistic children [ 20 ]. How-
ver, these interventions were not explicitly designed to target
hythmic skills or executive functioning, and these domains were
ot assessed as outcomes. In contrast, rhythm-based training
ngages core timing mechanisms that support both sensorimotor
oordination and higher-order cognitive control. The act of
ynchronizing movements to an external beat engages neural cir-
uits underlying motor timing, attention, and cognitive flexibility
 21, 22 ]. Specifically, successful performance in rhythmic tasks
nvolves continuous temporal prediction, response inhibition,
nd error monitoring—key components of executive functioning
 23, 24 ]. These mechanisms are thought to underlie core autistic
raits such as social synchrony and repetitive behaviors [ 14,
5 ]. Notably, autistic individuals often show abnormal temporal
rediction and atypical rhythm processing. These atypicalities
ave been linked to stronger autistic traits in motor control [ 25 ],
ocial interaction [ 14 ], and cognitive abilities [ 26, 27 ]. Rhythm-
ased training, including drumming and rhythmic tasks, has
een shown to engage neural circuits supporting cognitive con-
rol and attentional regulation [ 28–31 ]. Rhythmic tasks require
ustained attention and temporal precision, which may bolster
xecutive functioning components such as interference control
nd processing speed, which are often reduced in autism [ 32 ].
mong these, interference control is particularly relevant in
utism, as it supports the ability to filter distractions and sustain
oal-directed behavior [ 33 ]. In sum, rhythm-based training, by
argeting both timing and cognitive mechanisms, provides a
articularly promising tool for neurodevelopmental conditions,
hile being accessible and engaging. 

n particular, rhythm-based serious games integrate structured
hythmic activities into interactive platforms, combining thera-
eutic exercises with motivational gameplay to promote motor
nd cognitive improvements via stimulation of internal timing
echanisms [ 34 ]. For example, rhythm-based games have pos-
tively affected motor functioning in Parkinson’s disease [ 35 ],
peech fluency in stuttering [ 36 ], and executive functioning in
oth typical [ 37 ] and atypical development [ 36, 38 ]. By integrating
hythmic training into digital platforms, these interventions
rovide an innovative, evidence-informed tool to support motor,
ognitive, and social functioning in individuals with neurode-
elopmental conditions. Combining principles from established
herapeutic approaches with scalable, interactive technology,
hey offer a promising avenue to expand access to personalized
upport in mental health contexts. 

n this study, the tablet-based game Rhythm Workers (RW) [ 39 ]
as adapted to train rhythmic skills (perceptual and motor)
n autistic children. Participants engaged in rhythmic tapping
ligned to the beat of music with varying complexity, promoting
otor timing and attentional focus through real-time feedback.
he game’s accessible, mobile format allowed for at-home train-
ng, supporting extended individual practice and skill transfer.
of 18
This approach holds particular value for certain children on
the autism spectrum who show a reduced interest in social
interaction, for example, during standard behavioral interven-
tions. Although this study focuses on autism, rhythm-based
interventions have also shown promise in supporting individuals
with other neurodevelopmental conditions such as ADHD and
dyslexia [ 38, 40 ], where atypicality in timing and executive
functioning is commonly observed [ 41, 42 ]. This investigation
builds on that foundation to explore whether rhythm training can
be adapted to a broader range of neurodevelopmental profiles that
share similar patterns of cognitive and motor processing. 

1.1 Research Objectives and Aims 

This pilot study primarily aimed to evaluate the feasibility (reten-
tion, acceptability, and adherence) of a digital gamified rhythmic
training program (RW) for autistic children, using a nonrhythmic
game (Frozen Bubble; FB) as an active control. The main goal
was to assess whether the training protocol could be implemented
remotely with sufficient engagement and compliance, including
player enjoyment, perceived difficulty, regular gameplay, tapping
on the screen, and completion of pre/post assessments. 

As secondary aims, we examined whether playing RW led to
improvements in rhythmic performance (perceptual and motor)
and explored potential effects on executive functioning (e.g.,
inhibitory control) compared to the control group, and whether
these gains varied as a function of training duration. These
hypotheses were informed by a prior pilot study conducted
with children with ADHD using the same protocol [ 38 ]. Finally,
we explored whether individual differences in autistic traits
(social awareness, restricted interests, and repetitive behaviors)
predicted training-related improvements. 

2 Materials and Methods 

2.1 Participants 

Thirty-one children, aged between 7 and 13 years, were initially
recruited for this study from the autism community using
various methods, including announcements, advertisements,
and targeted outreach via social media. We specifically sought
participants fluent in French or English, with 42% opting to
participate in French. All participants were identified as autistic
based on parental declaration; formal clinical documentation was
not required. This approach aligns with the study’s feasibility
design and has precedent in other early stage, community-based
intervention studies in autism [ 43 ]. To help ensure the integrity
of parent reports, recruitment was conducted through established
autism-focused organizations across Canada, in addition to open
calls on social media. Furthermore, nearly all participants scored
in the moderate to severe range on the Social Responsiveness
Scale-Second Edition, providing converging support for the
presence of clinically relevant autistic traits [ 44, 45 ]. While we
acknowledge that this method does not provide formal diagnostic
confirmation, it reflects real-world diversity in how autism is
identified and supports accessibility and inclusion in early stage
research. Exclusion criteria were coexisting neuropsychological,
psychiatric, or developmental disorders associated with peo-
Annals of the New York Academy of Sciences, 2026



p  

d  

b  

h  

g  

a  

m  

W  

t  

s  

m  

t  

t

W  

d  

m  

b  

m  

a  

f  

5  

r  

i  

w  

t  

p  

p

T  

R  

n  

o  

2  

S  

S  

i  

e  

F  

R  

t  

l  

s  

i  

a  

r  

n  

a  

c  

m  

b  

d  

r  

c

T  

t  

T  

o  

a  

r  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A

le on the autism spectrum (e.g., attention-deficit/hyperactivity
isorder) or formal musical training ( > 2 years). However, comor-
idities were screened based on parent report alone and may
ave been underreported. This limitation is particularly relevant
iven that autism − ADHD comorbidity is estimated to occur in
pproximately 30 − 50% of cases in the general population [ 46, 47 ],
aking complete exclusion based on parent report challenging.
ith respect to medication status, 92% of parents reported that

heir child was not taking any medication at the time of the
tudy. Two children in the RW group were reported as taking
edication: one child was explicitly reported by the parent as
aking medication for ADHD, and one child was reported as
aking melatonin for sleep. 

e employed simple random sampling and targeted any Cana-
ian parent with a child on the autism spectrum using social
edia advertising. This approach included anyone with a Face-
ook or Instagram account in Canada ( ∼ 30 million users). Six
ale participants withdrew during the study, citing reasons such
s lack of interest, technical issues, or illness, resulting in a
inal cohort of 26 participants (four female, one nonbinary). The
:1 male-to-female/nonbinary ratio in this study resulted from
andom sampling and is relatively close to the 4:1 ratio prevalent
n people on the autism spectrum [ 48 ]. Of the five participants
ho dropped out during the study due to lack of motivation,
wo were before playing the game (RW: 1; FB: 1), and three after
laying the game (RW: 2; FB: 1). Upon completing the study
rotocol, participants received compensation of $50. 

o characterize autistic traits, caregivers completed the Social
esponsiveness Scale-Second Edition (SRS-2), a standardized,
orm-referenced questionnaire assessing the severity and profile
f autism-related characteristics in naturalistic settings. The SRS-
 yields a total T-score as well as scores across five subscales:
ocial Awareness, Social Cognition, Social Communication,
ocial Motivation, and Restricted Interests and Repetitive Behav-
or (RRB). The results in all five social subscales were initially
xplored in relation to timing and executive function measures.
or clarity, we report results for the Social Awareness and
RB subscales, which showed the most robust associations in
he present sample and are also theoretically linked to lower-
evel timing and executive processes. Social Awareness reflects
ensitivity to social cues and temporal contingencies in dynamic
nteractions, processes that rely on perceptual timing, prediction,
nd attentional control rather than higher-order inferential social
easoning. Similarly, RRB has been linked to differences in cog-
itive flexibility, inhibitory control, and temporal predictability,
ll of which overlap with executive and timing mechanisms. In
ontrast, Social Cognition and Social Communication involve
ore complex representational and linguistic processes that may
e less directly coupled to basic sensorimotor timing abilities,
espite their relevance to rhythm-based social interventions
eported in prior work [ 6 , 13, 16 ]. Raw scores were used for all
orrelation analyses. 

o contextualize how pronounced the autistic traits were in
his sample, we used total T-scores, which are reported in
able 1 . Although formal diagnostic confirmation was not
btained, symptom profiles on the SRS-2 indicated that nearly
ll participants scored in the moderate to severe range of autism-
elated traits. Only one participant scored at the threshold of
nnals of the New York Academy of Sciences, 2026
the normal range (T = 59), suggesting that the sample was
largely consistent with clinically significant presentations of
autism. We assessed children’s nonverbal intelligence quotient
(IQ) using the short version of the Raven’s Matrices [ 49 ]. Parental
input was collected whenever possible, including details on
their child’s video gaming habits (weekly gaming time) and
socioeconomic status. Socioeconomic status was assessed using
parent-reported household income and education level. Video
gaming habits were also measured to characterize prior gaming
experience. Randomization resulted in comparable groups on
these variables at baseline, reducing the likelihood that post-
intervention differences reflect pre-existing gaming experience
or socioeconomic factors rather than the intervention. Prior
gaming experience can influence sensorimotor skills [ 50 ], while
socioeconomic status affects access to cognitive support and
overall mental health [ 51–54 ]. Given the small sample size of
this study, nonparametric Wilcoxon rank sum tests were used for
group comparisons of participant characteristics. Further details
on demographics and background characteristics are presented
in Table 1 . Drawing from a meta-analysis on music training
and inhibition control, we anticipated a medium-to-large effect
size [ 31 ]. With 80 − 90% power at a 5% significance level, a
sample size of 13 − 15 participants per group was deemed sufficient
for a proof-of-concept study. For confirming causal inferences,
broader generalization, replication, and more advanced statistical
analyses, a larger sample size and extended training duration are
suggested. The study was approved by the Institutional Review
Board of the University of Montreal (CEREP-20-008-P). Prior
to participation, written informed consent was obtained from
the parents or legal guardians of all participating children. In
addition, children provided verbal assent before completing the
study procedures. 

2.2 General Procedure 

Participants were randomly assigned to the experimental training
group (the rhythmic game) or the active control group (the
nonrhythmic game) using covariate adaptive randomization with
the minimization approach [ 55 ] by an experimenter who was not
involved in any other task during the protocol execution. The first
six participants were assigned via block randomization (random
permutation of 3 in the experimental group and 3 in the control
group) without regard to covariates. The seventh and eighth
participants received purely random assignments. The remaining
participants were then assigned using biased coin randomization
with p = 0.80 [ 56 ] to minimize group imbalance in the number of
participants, gender, age, language (English/French), and music
experience. These variables were group-matched at p > 0.89 in
the final sample. Biased coin randomization is a technique used
in clinical trials to balance participant allocation across treatment
groups by increasing the likelihood of assigning participants to
the smaller group when imbalances arise, ensuring more even
group sizes and reliable comparisons, especially in smaller trials.
The research followed a double-blind, two-arm, parallel-group
randomized active control design, in which children and parents
were informed that the study compared two music-based games
designed to be played on a tablet and to support attention and
cognitive skills, without emphasis on rhythm or timing-specific
hypotheses. For information on the procedure, see the CONSORT
statement, checklist, and flow diagram (Figure 1 ). 
3 of 18



FIGURE 1 CONSORT diagram showing the flow of participants through each stage of the randomized control trial. 
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TABLE 1 Participant background and performance baselines. 

Characteristic Rhythm Workers Frozen Bubble p 
N Mean SD Min Max N Mean SD Min Max 

Age (years) 13 11.0 1.6 8.3 13.0 13 10.7 1.7 8.0 13.4 0.59 
SRS-2 (total T-score) 12 69.1 6.0 59.0 79.0 13 72.5 5.7 62.0 82.0 0.19 
Nonverbal IQ (standard score) 13 98.1 15.9 67.0 118.0 13 98.1 9.2 85.0 113.0 0.80 
Weekly gaming time (min) 11 979.1 574.0 90.0 1800.0 9 1060.0 815 150.0 2250.0 0.91 
Parent education 10a 9a 0.20 
High-school degree 0 (0%) 1 (11%) 
Professional certif. 0 (0%) 2 (22%) 
Bachelor’s degree 6 (60%) 5 (56%) 
Graduate degree 4 (40%) 1 (11%) 

Household income 10a 9a 0.40 
< $25,000 0 (0%) 1 (11%) 
$25,000 − $49,999 0 (0%) 1 (11%) 
$25,000 − $50,000 0 (0%) 1 (11%) 
$50,000 − $74,999 1 (10%) 0 (0%) 
$75,000 − $99,999 3 (30%) 3 (33%) 
≥ $100,000 6 (60%) 3 (33%) 

a Not all parents consented to the sharing of this information. 
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he study was conducted entirely remotely. All outcome mea-
ures, including the Raven’s Progressive Matrices, were admin-
stered virtually via secure video conferencing. During each
ession, participants shared their screens and were monitored
y a trained research assistant to ensure compliance. Tablet
evices with a preinstalled allocated serious game and tests for
hythmic abilities were mailed to families with instructions.
his remote design allowed participation across Canada while
reserving standardization of test administration. Importantly,
he study was conducted during the COVID-19 pandemic,
hen in-person testing was not feasible, further underscor-
ng the need for accessible, home-based assessment protocols.
or further details on procedures such as screening, remote
esting and training, stimulus selection, randomization, equip-
ent, calibration, and game scoring, see the ADHD protocol
tudy [ 38 ]. 

.3 Training Protocol 

articipants were asked to play their designated game for 30 min
aily, 5 days each week, over 2 weeks (totaling 300 min of game-
lay). They had the flexibility to consolidate two 30-min sessions
nto a single 1-h session for better scheduling convenience. Clear
nstructions were provided: “I would like you to play the game
or about 30 min a day, five days a week, for 2.5 h a week. You
an play more if you want, but don’t play more than an hour
 day.” None of the participants reported surpassing this 1-h
aily limit. Participants were prompted to complete a pre- and
ost-session questionnaire throughout the 2-week gaming period.
his questionnaire featured nine binary questions concerning
nnals of the New York Academy of Sciences, 2026
their mood, derived from a children’s mood assessment [ 57 ].
Additionally, participants indicated their game progress (level
number) and assessed the game’s perceived difficulty using a 5-
point Likert scale (1 = very easy; 5 = very hard), along with rating
their enjoyment level (1 = very boring; 5 = very fun). To monitor
gameplay fidelity, a research assistant contacted parents every
3 days to ask whether any assistance was provided or required
for the study. Parents were also encouraged to share open-ended
feedback about the session. Across all participants, only two
parents reported providing minor motivational support. Families
were informed that their eligibility and compensation were not
dependent on performance or independence, to encourage honest
reporting. The application automatically logged detailed session
data (e.g., timestamps, number of taps, level progress), and these
data closely matched parent-reported logs upon visual inspec-
tion, supporting the accuracy of gameplay reporting. All testing
sessions were conducted via live videoconferencing. During
tasks, the experimenter maintained continuous audio and video
contact with the child to monitor task engagement and confirm
that responses were provided by the child without assistance
from caregivers. For rhythm-based tapping tasks, families were
provided with a flexible phone holder that allowed a secondary
camera (smartphone) to be positioned to clearly capture the
child’s hands while tapping, independently of the device running
the task. This setup enabled real-time visual verification of the
child’s responses and ensured that caregivers were not physically
assisting during task performance; for further details, see the
prior protocol validation study [ 38 ]. While remote testing cannot
entirely eliminate the possibility of off-screen assistance, contin-
uous audiovisual monitoring substantially reduced this risk and
aligns with current best practices in supervised virtual behavioral
testing [ 58–60 ]. 
5 of 18
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6

.4 Outcome Measurement Procedures 

ll assessment and outcome measures were administered
emotely due to the home-based design of the study. Partici-
ants completed cognitive and motor tasks using their home
omputers via secure video conferencing platforms (e.g., Zoom
r Microsoft Teams). Prior to each session, research assistants
erified internet speed and technical compatibility to ensure
onsistent task performance. Executive function tasks were
dministered using computer-based protocols (e.g., Flanker, N-
ack, and Go/No-Go) and supervised live via screen sharing,
llowing researchers to monitor compliance and task engagement
n real-time. Rhythmic task measures were collected using a
ablet-based tapping application with millisecond-level precision
 61 ], and data were automatically logged by the system. Parents
ere instructed not to assist their child during task perfor-
ance, and all sessions were scheduled at convenient times for
articipants. 

.4.1 Rhythmic Serious Game 

his proof-of-concept study featured RW, a serious game initially
esigned for adults [ 39 ]. Although the scoring method and
ynchronization conditions remained consistent with the original
ersion, notable enhancements were implemented in the visual
resentation, gameplay dynamics, difficulty levels, and musical
lements to cater to a younger audience. This version of RW was
 noncommercial, research-only prototype developed indepen-
ently for academic purposes. No financial or material support
as provided by the company producing the game (BeatHealth),
nd the game used in this study is not available for sale or clinical
se. The design, implementation, and analysis of the study were
onducted by the research team entirely independently of the
ompany. For details on these changes, refer to the protocol
alidation study [ 38 ]. In this iteration of RW, the participant’s
ask was to synchronize their finger taps to the beat of musical
nippets. Each of the 32 levels had a unique musical excerpt with
 fixed tempo. The player’s primary objective was to construct
 building by matching the taps with the musical beat. For
ore information on scoring, see the previously described game
rotocol design [ 38, 39 ]. Figure 2A is an illustration of gameplay
n the RW game. 

or illustrative purposes, a sample of the musical stimuli
sed in the game, along with gameplay examples, can be
ccessed via the following link: https://osf.io/4twz7/?view_only=
b2a296d13974319b500fd2b94e2e726 . 

.4.2 Nonrhythmic Active Control Game 

he FB game was used as a control condition and was adapted
rom an open-source version available on GitHub ( https://
ithub.com/videogameboy76/frozenbubbleandroid ). It is a puz-
le arcade shooting game that consists of eliminating colored
ubbles by aiming and tapping with a finger on the touchscreen.
he arrangement of bubbles gradually descends, and the game
oncludes if the bubbles reach the bottom of the screen. Players
re tasked with connecting bubbles according to their colors.
of 18
The connected group detaches and falls upon connecting three
or more bubbles of identical color, freeing any bubbles bound
beneath them (refer to Figure 2B ). Although the two games
differed in the exact visual style, a separate study [ 38 ] evaluated
the aesthetic quality of both RW and FB in a comparable pedi-
atric sample (ages 7 − 12 without neurodevelopmental disorders).
Children rated both games similarly in terms of visual appeal and
engagement, suggesting that graphic differences are unlikely to
have biased compliance or outcome differences. The FB game
also included background music; however, participants were not
instructed to synchronize their movements to the music, and
task success did not depend on temporal alignment with auditory
stimuli. To partially equate musical exposure across conditions,
the same set of 32 musical excerpts used in RW was presented
in FB in randomized order. However, musical parameters (e.g.,
volume level and beat saliency) were adjusted so that music
functioned as background rather than as an explicit synchro-
nization cue. Thus, although both conditions included auditory
stimulation, only the rhythmic training condition required active
beat alignment. 

2.5 Evaluation of Game Compliance and 

Acceptance 

The primary objective of this proof-of-concept study was to assess
whether participants adhered sufficiently to the study protocol
and engaged similarly with both the experimental and control
games. 

2.5.1 Adherence, Compliance, and Game Acceptance 

Adherence was calculated by dividing the number of participants
who completed the study (all testing and returned equipment) by
the number of participants who were randomized. The target for
adherence was set at 70% as per the expected rate in interventions
in pediatric populations with mental health diagnoses [ 62 ].
We evaluated participant compliance by calculating the total
training duration (incorporating both self-report and device-
logged sessions) and cumulative playing time (the time spent
in active gameplay logged on the device). Participant-provided
session times and dates were manually cross-referenced with log
files to ensure consistency. 

Within the scope of this study, game acceptance was assessed by
ratings of enjoyment and perceived difficulty following gaming
sessions, as well as overall recommendations for the game. In
the analysis, positive responses were defined as both “yes” and
“maybe with changes,” reflecting participants’ general support
with or without modifications. See the ADHD protocol study
for more details on how these tasks were designed; refer to the
protocol validation study [ 38 ]. 

2.6 Evaluation of Game Training Efficacy 

Our secondary aims were to test whether RW improved rhythmic
and executive functioning outcomes relative to the control group,
and whether effects scaled with training duration. 
Annals of the New York Academy of Sciences, 2026
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FIGURE 2 (A) Illustration of gameplay in the Rhythm Workers (RW) game (experimental training condition). The player built a structure on the 
left side, earning total points and receiving feedback. In the middle, they tapped on a moving visual target in time with the beat. On the right, they 
checked their score once they finished the level; (B) illustration of gameplay in the control game, Frozen Bubble (FB). To the left, a black bubble was 
launched toward the upper pair of black bubbles following two sequential finger taps—the initial tap was to arm and the subsequent tap was to direct 
the shot. On the right, at a different point in the game, a bubble was successfully striking its target, causing additional bubbles to detach. 
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.6.1 Assessment of Rhythmic Abilities 

e evaluated rhythmic abilities using perceptual and production
asks from the Battery for the Assessment of Auditory Sensori-
otor Abilities (BAASTA) [ 61, 63 ], which has been previously
sed in developmental populations, including children with
evelopmental disorders [ 39, 41 ]. These tasks test the capacity
o extract the beat in a perceptual task (i.e., accuracy in the
eat Alignment Test) and the variability in aligning movement
o an auditory beat (i.e., synchronization consistency in the
inger tapping tasks—tapping to a steady metronome and to
usic). For details on how these tasks were designed, refer to the
DHD protocol study [ 38 ] and the Supplementary Materials for
 summary table of the constructs measured. 

.7 Assessment of Executive Functions 

e administered set-switching, Eriksen flanker, and Go/No-go
asks to examine executive functioning. For details on how these
nnals of the New York Academy of Sciences, 2026
tasks were designed, refer to the ADHD protocol study [ 38 ] and
Supplementary Materials for a summary table of the constructs
measured. 

2.8 Measures and Statistical Analyses 

We performed all statistical analyses using R Studio [ 64 ]. 

2.8.1 Compliance and Acceptance 

We employed the Wilcoxon rank sum test to assess and contrast
the averages of both games regarding compliance and acceptance
metrics due to our anticipation of non-normally distributed data
for these measures. 

2.8.2 BAASTA 

We used A-prime (A ′ ) instead of d-prime to assess perceptual beat
tracking sensitivity (BAT), as A ′ provides a more stable sensitivity
7 of 18
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8

stimate in cases of high performance and small sample sizes. A ′
s less sensitive to extreme values in hit and false alarm rates and
voids the normality assumptions of d-prime, making it particu-
arly useful when performance is high, and sample sizes are small
 65, 66 ]. This ensures a more robust sensitivity measure, keeping
cores within realistic bounds. For paced tapping tasks, syn-
hronization consistency was evaluated using logit-transformed
ector length values [ 38 ]. These values were converted to z-
cores based on the pre-training mean and standard deviation
or each subtask, then averaged per participant and time point to
erive standardized scores for both metronome and music-paced
apping. The Beat Tracking Index (BTI) was computed to capture
ombined perceptual and production abilities. This composite
core was chosen for its high test-retest reliability [ 61, 63 ], its
ffectiveness in identifying individual differences in neurodevel-
pmental disorders like ADHD [ 41 ], and because it successfully
aptured improvements of rhythmic abilities in previous remote
esting protocols involving children with neurodevelopmental
onditions [ 36, 38 ]. In the present study, the BTI was calculated
s the mean of three equally weighted standardized components:
erceptual sensitivity (BAT A ′ ), synchronization consistency to
 steady metronome, and synchronization consistency to music.
ach component contributed one-third of the composite score.
his weighting was selected to equally capture transfer effects
cross perceptual and sensorimotor timing contexts, rather than
o optimize diagnostic sensitivity as in beat-deafness screening
pplications. 

o evaluate changes in rhythmic performance (BAASTA out-
omes; post-training minus pre-training) between each game,
e used linear modeling with the lm() function in R for
etrics including BTI, paced tapping to music, paced tapping
o metronome, and BAT A ′ . The dependent variable in each
odel was the difference in scores between time points, rep-
esenting post-training minus pre-training performance. Given
he high variability in cumulative play time, a mean-centered
erm for cumulative play time was included to adjust for its
nfluence on improvement. We also included a mean-centered
erm for the degree of autistic traits (SRS-2 total T-scores) to
ccount for trait-dependent variability. The models used the
ollowing predictors with all interactions (two-way and three-
 ay): Difference score = 1 + Game Played * Cumulative Play
ime * Degree of Autistic Traits. Eta-squared effect size inter-
retations were based on Ref. [ 67 ]. Additionally, individual
ifferences in training dosage (cumulative play time) were
ssessed within each group separately in relation to rhythm
cores using Kendall correlations. The SRS-2 scores were used
o measure the influence of autistic traits on secondary and
xploratory outcomes. When used in mixed effects models, SRS-
 T-scores were scaled and included as a standardized term
o index the global autistic trait. In the context of exploratory
orrelations between change scores (BTI; executive function-
ng accuracy index) and SRS-2 subdomains (Social Awareness,
otor Skills, Restricted Interests, and Repetitive Behaviors), we
sed raw scores to preserve variability at the subscale level.
rimary analyses for rhythmic and executive outcomes were
onducted on single composite scores (BTI and executive func-
ioning index) and, therefore, did not involve multiple parallel
omparisons. Follow-up analyses of individual task components
nd SRS-2 subdomains were exploratory and are interpreted
autiously. 
of 18
2.8.3 Executive Functioning Tasks 

In the Flanker and Set-Shifting tasks, response times (RTs) were
calculated after removing incorrect or premature responses. RTs
below 200 ms were excluded, but no maximum threshold was
set to capture the full performance range. Following prior studies
using the Trail-Making Test, we calculated proportional scores
from RT values as a sensitive measure of change in executive
functioning after intervention [ 68, 69 ]. The proportional score was
computed as (Congruent RT − Incongruent RT)/(Congruent RT),
where higher (less negative) scores indicate better attentional
functioning. This formula differs from the typical approach by
reversing the numerator, allowing higher values to represent
better performance and improvement after training. For the
Set-Shifting task, we calculated the difference between the pro-
portional RT of nonmixed task blocks (only location or direction
rule) and the mixed section (alternating rules). For the Flanker
task, we computed the difference between the proportional RT of
congruent and incongruent trials. The same procedure was used
for calculating the proportion of correct responses. In the Go/No-
Go task, scoring was based on signal detection theory to assess
sensitivity in detecting Go stimuli, considering response bias. A ′
was used as the nonparametric measure, where a value close to
1.0 indicates high discrimination sensitivity. 

We combined performance across these tasks into a single
executive functioning index, reflecting the interdependencies
of cognitive flexibility, inhibition, and rule-switching according
to Diamond’s Integrated Theory [ 70 ]. This composite index
was based on accuracy scores from the Go/No-Go, Flanker,
and Set-Shifting tasks, and a combined reaction time score
using proportional z-scores for Flanker and Set-Shifting tasks.
Improvement was calculated as the difference between post- and
pre-training scores. Gains were evaluated using the Wilcoxon
rank sum test, given the exploratory nature of the analyses.
The impact of individual differences in training dosage was
assessed through Kendall correlations between rhythm scores
and continuous play time within each game. Additionally, we
explored the relationship between changes in the executive
functioning index for accuracy and baseline degree of autistic
traits using the SRS-2 global standardized and subdomain scores.

2.9 Data Availability and Process Transparency 

All data generated or analyzed during this study are available
upon reasonable request by qualified researchers. The underlying
code for this study is not publicly available but may be made
available to qualified researchers on reasonable request to the
corresponding author. To support clarity and precision in written
expression, the authors used ChatGPT [ 71 ] to assist with refining
the wording of certain passages. The tool was used strictly
for language enhancement, and all substantive content and
interpretations remain the responsibility of the authors. 

3 Results 

First, we present the results of compliance and acceptance of both
games in autistic children, followed by the effects of RW training
on rhythmic and executive functioning. 
Annals of the New York Academy of Sciences, 2026



TABLE 2 Compliance with protocol targets and acceptance for the two serious games. 

Characteristic Rhythm Workers Frozen Bubble p 
N Mean SD Min Max N Mean SD Min Max 

Cumulative play time 13 188.7 78.5 69.0 318.3 13 280.9 109.6 47.0 520.9 0.014 
Taps per minutea 13 55.7 8.8 34.3 65.8 13 58.5 12.9 36.2 80.5 0.61 
Game enjoyment 12 3.1 0.6 2.0 4.0 12 3.5 1.0 1.7 4.6 0.23 
Perceived diff. 12 3.1 1.0 1.9 4.9 12 2.6 0.5 1.4 3.2 0.67 
Recommendb 11 11 0.49 
“Yes” n = 2 (55%) n = 6 (55%) 
“Maybe with changes” n = 7 (18%) n = 2 (18%) 
“No” n = 2 (17%) n = 3 (27%) 
Did not answer n = 1 n = 2 

a Total number of logged finger-taps by game divided by total training duration (including menu navigation) in minutes. 
b Positive responses include both “Yes” and “Maybe with changes” categories. 
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.1 Compliance and Acceptance 

 total of 81% (26 out of 32) of the children on the autism spectrum
ompleted the study protocol. All participants completed 7 − 10
the maximum) self-reported questionnaires about each gaming
ession and returned the tablet data. Participants in both groups
howed similar total training duration progress (time in the
pplication) as compared to the target time of 300 min (88%; M
 263 min; SD = 103 min; range = 120 − 432 min for RW and 100%
or FB; M = 327 min; SD = 132 min; range = 58 − 635 min), W = 113,
 = 0.15, adequately meeting the target of 300 min training over
 weeks. Despite these similarities, we found that the amount of
umulative play time was lower for the RW group compared to
B, as indicated in Table 2 ( p = 0.014). This imbalance resulted
rom more time required to navigate menus in RW than in FB. The
umulative play time was 72% of the logged training duration in
W and 86% in FB. Training duration was strongly and positively
orrelated with the cumulative play time, r (24) = 0.98, p ≤ 0.0001,
uggesting both variables reliably measure training dose. 

apping rate refers to the cumulative number of finger taps
ecorded within each game, divided by cumulative training in
inutes, and was used as an index of motor engagement. Com-
arable amounts of motor movement were observed between
ames, as shown by similar tapping rates of training between
ames ( p = 0.61; Table 2 ). Ratings of enjoyment ( p = 0.23) and
ense of difficulty ( p = 0.67) were comparable for both games
nd above the medium range. When participants were asked
f they would recommend the game, more than two-thirds of
he participants in each group responded positively, and the
istribution of responses was similar between games ( p = 0.49). 

oth groups played a comparable number of sessions, averaging
 per week per game. Figure 3 shows the evolution of enjoyment
nd perceived difficulty over the sessions for both games. 

ession adherence and gameplay duration were supported by
oth logged performance data and parental reports, which
howed high correspondence. Only two parents reported helping
heir child during gameplay, and this was limited to encourage-
nnals of the New York Academy of Sciences, 2026
ment. These findings suggest that the training was feasible to
implement independently at home for most participants. 

3.2 Rhythmic Performance 

Table 3 shows the rhythmic performance at both time points (pre-
vs. post-training) on individual tasks of BAASTA and the BTI. 

When considering the BTI, a composite score capturing the
general capacity to track a beat, a positive effect of the training
condition, t (17) = 2.71, p = 0.015, was found for those who played
the RW game compared to those who played the FB game (see
Table 3 ). The model intercept was significant, t (17) = 3.69, p =
0.002, and because RW was coded as 0 and FB as 1, this finding
indicates that the increase in the BTI after the training was greater
than 0 in this model. The interaction term between cumulative
play time and training condition was on the margin of statistical
significance ( p = 0.06), suggesting a different relationship across
experimental conditions between training duration and changes
in the BTI. The other interaction terms in the model involving
the experiment conditions (Game Played * Degree of Autistic
Traits and Game Played * Cumulative Play Time * Degree of
Autistic Traits) were not significant ( p > 0.11). The omnibus
model (Difference score = 1 + game Played * Cumulative Play
Time * Degree of Autistic Traits) provided an overall good fit,
F (7, 17) = 2.36, p = 0.07, R2 = 0.49, with a small effect size ( η2
= 0.02) for the training condition main effect and large effect
size for the cumulative play time and training interaction ( η2 
= 0.23). To assess whether the positive impact of the rhythmic
training was linked to the individual amount of training, we
tested the relation between cumulative play time and rhythmic
improvements (see Figure 4B ). For RW, cumulative play time was
strongly and positively correlated with improvement in the BTI,
τ = 0.62, p = 0.003, n = 13, but not for FB ( p = 0.77). 

For paced tapping to music, a positive effect of the training
condition, t (15) = 2.83, p = 0.013, was found for those who played
the RW game (difference score, M = 0.14, SD = 0.17) compared
9 of 18



FIGURE 3 Mean enjoyment (A) and perceived difficulty over the sessions (B) for Rhythm Workers and Frozen Bubble. Error bars indicate SEM, 
and horizontal lines represent the means across sessions. 

TABLE 3 Rhythmic performance of children with autism after training. 

Rhythmic domain Rhythm Workers Frozen Bubble pa 

Nb Mean SD Min Max Nb Mean SD Min Max 

Beat Tracking Indexc Pre 13 − 0.01 0.88 − 1.83 1.31 13 0.19 0.60 − 1.07 0.87 0.58 
Post 13 0.22 0.85 − 1.47 1.18 13 0.28 0.85 − 1.31 1.06 0.80 
Δd 13 0.22 0.47 − 0.53 1.08 13 0.09 0.51 − 0.94 0.72 0.015e 

Paced tapping to musicf Pre 13 0.53 0.31 0.13 0.97 12 0.64 0.22 0.27 0.89 0.38 
Post 13 0.67 0.29 0.15 0.97 12 0.72 0.26 0.18 0.95 0.73 
Δd 13 0.14 0.17 − 0.14 0.45 11 0.09 0.14 − 0.15 0.34 0.013e 

Paced tapping to metronomef Pre 13 0.68 0.23 0.23 0.90 13 0.80 0.07 0.68 0.93 0.36 
Post 13 0.70 0.24 0.25 0.91 13 0.76 0.14 0.44 0.90 0.96 
Δd 13 0.02 0.11 − 0.17 0.22 13 − 0.04 0.14 − 0.37 0.20 0.67e 

Rhythm perception A ′ Pre 13 0.86 0.16 0.34 1.00 12 0.84 0.17 0.44 1.00 0.98 
Post 13 0.84 0.13 0.50 0.97 13 0.84 0.19 0.44 1.00 0.33 
Δd 13 − 0.12 0.86 − 1.96 1.93 12 − 0.03 0.44 − 1.24 0.33 0.16e 

Note: p < 0.05 is indicated in bold. 
a Wilcoxon rank sum test p value. 
b N varies due to missing data for some participants who could not complete all the tasks because of task difficulty (e.g., tapping in antiphase or double-time) or 
task-specific inattention. 
c Averages based on z-scores. 
d Change scores. 
e p value of the main effect of the Game Played in linear model. 
f Synchronization consistency scores (vector length). 
Difference score = 1 + Game Played * Cumulative Play Time * Symptom Severity. 
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o those who played the FB game (difference score, M = 0.09, SD
 0.14). We also observed within-group improvement for RW, as
ndicated by a significant model intercept, t (15) = 4.86, p ≤ 0.001.
he other interaction terms in the model were not significant ( p
 0.13), and the omnibus model provided an overall good fit, F (7,
0 of 18
15) = 2.64, p = 0.06, R2 = 0.55 with a small effect size ( η2 = 0.014)
for the training condition main effect and a large effect size for
the cumulative play time and training interaction ( η2 = 0.22). The
omnibus models for metronome tapping and rhythm perception
were not statistically significant ( p > 0.13). 
Annals of the New York Academy of Sciences, 2026



FIGURE 4 Relationship between training dose and improvement (difference scores) by game condition on the Beat Tracking Index (A) and the 
incongruence effect (% correct) of the Flanker task (B). 
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.3 Executive Functioning 

able 4 shows the executive functioning performance at both time
oints, the change scores on individual tasks, and the executive
unctioning index. 

n the executive functioning index for accuracy (proportion of
orrect responses), a positive effect of the training condition was
ound for those who played RW compared to those who played the
B game (see Table 4 ), W = 125, p = 0.02, with a moderate effect
ize, r = 0.41. We also observed that the improvement for RW was
reater than 0, V = 86, p = 0.001, but not for FB ( p = 0.55). For
W, cumulative play time was strongly and positively correlated
ith improvement in the incongruence effect (% correct) of
he Flanker task (Figure 4 ) and was on the cusp of statistical
ignificance τ = 0.42, p = 0.054, n = 13, but not for FB ( p =
.17). There was no difference between games in the executive
unctioning index for speed (proportional reaction time; p = 0.96).

.4 Degree of Autistic Traits 

o test whether the positive effect of rhythmic training is associ-
ted with the degree of autistic traits, we explored the relationship
etween individual differences in global and subcomponent
utistic characteristics using the Social Responsiveness Scale
SRS-2) and changes in rhythmic and executive functioning after
raining between games (Figure 5 ). 

he total T-scores of the SRS-2 were negatively correlated with
he change in executive functioning accuracy in the RW group
nd at the margin of statistical significance, τ = − 0.41, p = 0.07,
 = 11, but not in FB ( p = 0.62). The total T-scores of the SRS-
 were not correlated with improvement on the BTI for either
roup ( p > 0.18). We explored relationships with subcomponents
f the SRS-2 and outcome improvement to inform future hypoth-
sis generation. Social awareness scores (higher scores means
nnals of the New York Academy of Sciences, 2026
stronger autistic traits) before training were positively correlated
with improvement in beat tracking in RW, τ = 0.52, p = 0.022,
n = 12, but not in FB ( p = 0.46), independent of playing time
( τ = 0.36, p = 0.11) and motor movement (tap rate: p = 0.77).
Restricted interests and repetitive behavior scores before training
were negatively correlated with improved executive functioning
accuracy, τ = − 0.60, p = 0.007, n = 11, but not in FB ( p =
0.99). Restricted interests and repetitive behavior scores before
training were negatively correlated with the maximum level
reached in RW (game progress); however, they were on the cusp
of statistical significance, τ = − 0.42, p = 0.06, n = 11. All other
SRS-2 subscales were examined but did not show significant or
consistent associations with rhythmic or executive change scores
(all p > 0.10) and are, therefore, not reported in detail. 

4 Discussion 

To adapt a rhythm-based rehabilitation tool for autistic children,
we investigated the feasibility of comparing a rhythmic training
game (RW) with a nonrhythmic active control game (FB) on
measures of rhythmic performance (perceptual and motor) and
executive functioning. This at-home protocol used mailed tablets
and remote testing procedures and was primarily designed
to evaluate the feasibility of the training, including retention,
adherence, player engagement, and successful completion of the
assessments. As secondary hypotheses, we expected RW training
would lead to improvements in rhythmic performance, compared
to the control game, and explored whether individual differences
in autistic traits moderated training-related changes. We also
explored possible training effects on executive functioning. 

Beyond outcome measures, specific design features of the rhythm
game are also relevant for interpretation. Both RW and FB engage
sustained visual attention; therefore, differences between games
cannot be attributed to visual stimulation alone. RW introduces a
dynamic visuomotor component, as children synchronized their
11 of 18



TABLE 4 Executive functioning (EF) performance of children with autism after training. 

EF domain Rhythm Workers Frozen Bubble pa 

Nb Mean SD Min Max Nb Mean SD Min Max 

EF index 
(accuracy) c 

Pre 13 0.08 0.45 − 0.66 0.81 13 0.13 1.31 − 3.63 1.25 0.16 
Post 13 0.49 0.52 − 0.74 1.11 13 0.06 1.15 − 2.97 1.06 0.41 
Δd 13 0.41 0.43 − 0.10 1.30 13 − 0.07 0.60 − 1.47 0.67 0.02 

EF index (speed)c Pre 13 0.20 0.47 − 0.45 0.84 13 − 0.18 0.96 0.27 0.89 0.26 
Post 13 0.32 0.41 − 0.39 1.24 13 0.07 0.40 − 3.08 0.97 0.15 
Δd 13 0.12 0.58 − 1.04 1.10 13 0.25 0.78 − 0.90 2.31 0.96 

Response 
inhibition 
(Go/No-Go A ′ ) 

Pre 12 0.89 0.06 0.77 0.98 13 0.92 0.04 0.84 0.98 0.45 
Post 12 0.92 0.05 0.82 0.99 13 0.93 0.15 0.83 0.98 0.34 
Δd 12 0.02 0.05 − 0.06 0.11 13 0.02 0.03 − 0.03 0.07 0.40 

Incongruence 
effect (Flanker 
accuracy)e 

Pre 13 − 0.04 0.03 − 0.09 0.00 12 − 0.04 0.21 − 0.69 0.13 0.08 
Post 13 0.00 0.06 − 0.09 0.09 12 − 0.07 0.17 − 0.59 0.03 0.31 
Δd 13 0.04 0.06 − 0.06 0.09 12 − 0.03 0.10 − 0.22 0.13 0.08 

Incongruence 
effect (Flanker 
speed)e 

Pre 13 − 0.06 0.07 − 0.24 0.03 12 − 0.19 0.23 − 0.80 0.01 0.02 
Post 13 − 0.07 0.08 − 0.22 0.09 12 − 0.14 0.12 − 0.32 0.00 0.25 
Δd 13 − 0.01 0.11 − 0.22 0.19 12 0.06 0.19 − 0.26 0.52 0.44 

Cognitive 
flexibility effect 
(accuracy)e 

Pre 12 − 0.09 0.07 − 0.27 − 0.01 13 − 0.07 0.09 − 0.23 0.10 0.93 
Post 12 − 0.09 0.10 − 0.23 0.17 13 − 0.08 0.07 − 0.23 0.02 0.48 
Δd 12 0.00 0.12 − 0.16 0.27 13 − 0.01 0.10 − 0.16 0.14 0.99 

Cognitive 
flexibility effect 
(speed)e 

Pre 12 − 0.52 0.41 − 1.14 0.09 13 − 0.55 0.39 − 1.44 0.08 0.81 
Post 12 − 0.43 0.26 − 0.97 − 0.22 13 − 0.45 0.27 − 1.01 0.04 0.47 
Δd 12 0.09 0.44 − 1.05 0.66 13 0.10 0.33 − 0.63 0.65 0.85 

Note: p < 0.05 is indicated in bold. 
a Wilcoxon rank sum test p value. 
b N varies due to missing data for some participants who could not complete all the tasks because of task difficulty (e.g., tapping in antiphase or double-time) or 
task-specific inattention. 
c Averages based on z-scores. 
d Change scores. 
e Accuracy as measured by the proportion of raw correct responses and speed by the raw proportional reaction time in milliseconds. 
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aps to a spatially moving visual target. It seems unlikely that
his component alone explains the differential effects of the two
ames, as improvements in rhythmic ability were observed only
n the rhythmic training condition, supporting the role of struc-
ured rhythmic practice rather than visual engagement per se. A
imilar pattern was observed for executive functioning outcomes,
hich improved only in the rhythmic training condition. Because
he present study was not designed to isolate the contribution of
patially guided tapping, future work could systematically manip-
late moving versus stationary targets within rhythmic training
o determine whether this feature modulates engagement or
ransfer effects. 

.1 Feasibility of Gamified Rhythm Training in 

utistic Children 

ur results show high retention, adequate adherence ( > 70%),
nd positive player engagement overall, with comparable levels
etween both games. Gamified rhythmic training using RW is
2 of 18
feasible to implement in autistic children and recommended for
further investigation in a more robust randomized control trial.
Training with the rhythmic game enhanced rhythmic abilities
more than the nonrhythmic game, and promising results for
executive functioning were also observed. The specificity of the
effect of the training was reinforced by a positive correlation
between skill gains and training duration, a finding observed
only with the rhythmic game. Observed improvements should
be interpreted as preliminary trends within the scope of a
feasibility study. This study offers the first demonstration of
gamified rhythmic training through a tablet-based serious game
as a promising approach to supporting rhythmic skills (perceptual
and motor) and executive functioning in children on the autism
spectrum. 

The study’s retention rates show that these interventions can
be effectively implemented in real-world settings. Approximately
81% of participants completed the protocol, surpassing typical
pediatric mental health study retention rates [ 62 ] and at a similar
level as ADHD [ 38 ]. Participants achieved 88% of the target
Annals of the New York Academy of Sciences, 2026



FIGURE 5 (A) Relationship between social awareness (raw scores) and change scores on the Beat Tracking Index by group and amount of motor 
movement (total taps) during training, and (B) relationship between repetitive behaviors and restricted interests (raw scores) and change scores on the 
executive functioning accuracy by game played. 
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raining duration for RW and 100% for FB, showing a strong
dherence to the training protocol. In terms of player engage-
ent, participants completed pre-post session assessments ( >
0%) and provided feedback on their experience over 2 weeks
 ∼ 7 − 10 sessions). They reported comparable enjoyment and
erceived difficulty ratings between games. These results suggest
hat autistic participants would maintain engagement in training
rograms longer than 2 weeks. Furthermore, FB was validated
s an effective control game, sharing key features with RW (e.g.,
raphics, music, motor demands) while excluding the rhythmic
lignment component, ensuring robust causal inferences about
he benefits of rhythmic training for larger studies. An active con-
rol replicates nonspecific elements (e.g., duration, interaction)
ut excludes the core training component, isolating mechanisms
esponsible for the outcomes [ 72 ]. 

.2 Benefits on Rhythmic Skills and Executive 
unctioning 

his study provides the first evidence that gamified rhythmic
raining can support rhythmic skills (perceptual and motor) in
utistic children. RW increased rhythmic accuracy (BTI [ 61 ]),
ith no comparable changes observed in the control condition.
ime spent on RW positively correlated with rhythmic skill gains.
hen examining the components of the BTI, observed effects
ere primarily driven by improvements in music-paced tap-
ing. No significant training-related changes were observed for
etronome-paced tapping or rhythm perception, which showed
maller effect sizes and greater variability, likely reflecting base-
ine differences and limited room for improvement. This pattern
s notable, as tapping to music is generally more demanding
han tapping to a regular metronome and more closely resembles
he synchronization demands of the RW game. Together, these
indings suggest that rhythm-based training may preferentially
nhance beat extraction and synchronization in ecologically valid
nnals of the New York Academy of Sciences, 2026
musical contexts, a possibility that warrants direct testing in
future studies. 

Beyond rhythmic improvements, RW moderately enhanced exec-
utive functioning, particularly inhibition control accuracy, with-
out compromising response speed. Training duration correlated
positively with improved inhibition control, though this trend
was on the cusp of statistical significance. Although several
individual rhythm and executive functioning measures did not
show significant group differences, our primary analyses focused
on composite scores that aggregate performance across tasks. This
approach reduces measurement noise and better reflects over-
arching constructs. Analyses of individual task outcomes were
exploratory, but tapping to the beat of music and interference
control (measured via the flanker task) contributed most strongly
to the composite-level effects. 

Possible improvements in executive functioning observed fol-
lowing rhythm training may emerge from overlapping demands
placed on shared cortico-cerebellar and basal ganglia networks
supporting both motor and cognitive timing [ 73, 74 ]. Beyond
cognitive explanations, the concept of communicative musicality
emphasizes rhythm as a foundational structure for intersubjec-
tive connection, particularly in early development [ 75 ]. While the
present study focused on intrapersonal rhythmic skills, future
work could investigate whether gamified rhythm-based tools also
facilitate attunement to the embodied rhythms of social engage-
ment, such as those involved in interpersonal synchrony and
relational timing. Communicative musicality and related forms
of social coordination emerge through dynamic, bidirectional
rhythmic interaction, which was not directly assessed here. How-
ever, prior work suggests that interventions involving rhythmic
interaction with another person can influence interpersonal syn-
chrony and social engagement [ 6 ]. Extending gamified rhythm
training paradigms to explicitly interactive contexts represents an
important direction for future research. 
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.3 Exploratory Finding on Individual 
ifferences 

ndividual differences also appeared to influence training out-
omes. While the overall level of autistic traits (as measured
y the SRS-2 total score) was not associated with improve-
ents, specific subdomains showed meaningful associations
ith change. Individual differences in Social Awareness mod-
rated training-related gains in rhythmic performance within
he RW group. Specifically, higher Social Awareness scores—
eflecting less awareness of social cues—were associated with
arger improvements in the BTI (Figure 5A ). While engagement-
elated measures (playing time) showed similar directional
ssociations, the relationship between Social Awareness and BTI
mprovement cannot be attributed solely to motor output. This
attern was not observed in the FB control group, indicating
pecificity to rhythm-based training. One possible explanation is
hat children with greater social-awareness − related difficulties
ay benefit more from structured, temporally predictable activ-
ties that emphasize external rhythmic cues and sensorimotor
ynchronization. RW provides clear, repetitive temporal struc-
ure and minimizes explicit social demands, which may reduce
ompeting cognitive or social load while supporting engagement
ith timing-related information. In this context, children with
igher baseline social-awareness difficulties may have more
pportunity for improvement in beat extraction and synchro-
ization skills. Alternatively, greater baseline impairment may
e associated with increased responsiveness to training due to
arger initial variability or greater scope for change on timing-
ased measures. These interpretations are not mutually exclusive
nd should be examined directly in future studies designed to
est whether baseline social-awareness profiles predict differen-
ial responsiveness to rhythm-based interventions. In contrast,
igher baseline restricted interests and repetitive behaviors were
ssociated with smaller executive functioning gains within the
W group, indicating that while rhythm-based training may be
articularly beneficial for children with greater social-awareness
ifficulties, elevated RRB may constrain transfer to executive
omains. Together, these findings lay the groundwork for future
esearch programs examining how individual timing profiles and
utistic trait dimensions shape responsiveness to rhythm-based
igital interventions. 

.4 Limitations 

his study has several limitations that should guide the interpre-
ation of findings. First, autism diagnoses were based on parent
eport without formal clinical confirmation. While this reflects a
ommunity-based recruitment strategy appropriate for feasibility
esting and ecologically valid neurodiversity, future studies could
se clinically verified diagnoses to confirm findings. Comorbid
onditions, such as ADHD, were excluded based on parent
elf-report, which may have resulted in underreporting. This
imits the generalizability of the findings to the broader autistic
opulation, where such comorbidities are common. Nonetheless,
he distribution of symptom severity on the SRS-2 supports the
haracterization of the sample: all but one child scored within the
oderate to severe range, providing converging evidence that the
articipants displayed clinically meaningful traits of autism. The
mall sample size, short intervention duration, gender imbalance
4 of 18
(5:1 compared to the typical 4:1 prevalence), and exclusion of
children with common comorbidities (e.g., ADHD) limit the
generalizability of the findings. However, as a pilot and proof-
of- concept study, such constraints were expected. Finally, no
direct observation (e.g., video recordings) was used to verify
training fidelity. Future studies could include such measures
to better assess engagement. These encouraging feasibility and
preliminary outcome data offer a promising foundation for future
randomized controlled trials with more diverse and represen-
tative samples. Notably, similar patterns of improvement were
observed in a parallel study with children with ADHD [ 38 ]. 

4.5 Future Perspectives 

This study benefited from automated gameplay logs, a strength
given that most at-home interventions lack objective monitoring.
It will also be important to examine the sensory accessibility of
gamified tools, as autistic individuals may differ in their tolerance
for visual and auditory complexity. Although preliminary gains in
rhythm and executive functioning were observed, these should
be interpreted cautiously, given the small sample and exploratory
design. Weak correlations among executive functioning subcom-
ponents reflect known dissociations in autism [ 76 ]. Still, these
early signals are encouraging and merit follow-up. Larger, fully
powered randomized trials are needed to replicate and extend
these findings. Future studies could also directly manipulate
game design features, such as the presence of spatially moving
versus stationary targets, to determine their specific contributions
to engagement, learning, and transfer. 

Children on the autism spectrum typically exhibit fewer stable
forms of social synchronization, such as difficulty coordinating
their movements with others during activities like rhythm games
or pendulum swinging [ 77 ]. Although our training did not involve
direct social interaction, the results suggest that even simple
rhythmic tasks like finger tapping may engage underlying mecha-
nisms of social coordination. Temporal synchrony is foundational
to joint action, shared attention, and interpersonal synchrony [ 78,
79 ], and its disruption has been linked to social-communication
differences in autism [ 14, 80 ]. By strengthening predictive timing
and sensorimotor alignment, rhythm-based activities may thus
indirectly support social synchrony without requiring overt social
demands—making them particularly suitable for children who
experience difficulties in conventional therapeutic settings. This
opens promising avenues for inclusive, low-pressure interven-
tions targeting foundational timing skills that underlie broader
social and cognitive functions. 

Comorbid neurodevelopmental traits should be systematically
examined in future trials. Although ADHD diagnoses were
excluded based on parent report, autism − ADHD co-occurrence
has been reported at ∼ 30% in large samples [ 47 ], with broader
estimates approaching 50% in some reviews [ 46 ]. Given that tim-
ing variability and executive control differences are central to both
autism and ADHD, co-occurring attentional traits may moderate
responsiveness to rhythm-based interventions. Notably, similar
improvements using the same protocol have been observed in
children with ADHD [ 38 ], supporting the possibility that pre-
dictive timing mechanisms represent a shared, transdiagnostic
target. Future work should directly assess comorbid symptom
Annals of the New York Academy of Sciences, 2026
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imensions and test moderation effects in adequately powered
esigns. 

 Conclusions 

uditory rhythm-based training may hold promise for supporting
nd enhancing predictive timing abilities in individuals on the
utism spectrum, where timing profiles are often variable and
iverse [ 14, 27 ]. This type of training has been shown to enhance
otor coordination, attention, and executive functioning, all of
hich support nonverbal social coordination in autism [ 80–82 ]. 

arallel work using the same training protocol in a separate sam-
le of children with ADHD has yielded similar improvements in
hythmic performance and executive functioning [ 38 ], strength-
ning the plausibility of the effects observed here. Together,
hese findings suggest that rhythm-based digital interventions
ay address overlapping timing and cognitive difficulties shared
cross neurodevelopmental disorders. Given the transdiagnostic
ature of rhythm differences involved in autism, ADHD, and
tuttering, gamified rhythmic training may represent a scalable,
ccessible tool with broad relevance across neurodevelopmental
opulations more broadly. Future research should directly com-
are effects across diagnostic groups and explore how individual
ymptom profiles moderate responsiveness to rhythmic training.

his study demonstrates the feasibility and exploratory potential
f gamified rhythmic training for autistic children. Preliminary
indings suggest that RW may improve rhythmic, motor, and
xecutive functioning, providing initial, hypothesis-generating
vidence of its pragmatic value. The validated control game
FB) ensures that observed effects are attributable to rhythmic
raining rather than nonspecific engagement factors such as
njoyment ratings, perceived difficulty, and motor engagement.
hese findings are based on a small-scale study and should
e replicated in a larger sample with formal diagnoses. Future
esearch could also include individuals with comorbidities, such
s ADHD, to improve the generalizability to autistic people.
he present work lays the foundation for future research on
amified approaches for people on the autism spectrum and other
eurodevelopmental conditions. While based on a small-scale
easibility study, these findings highlight the potential of rhythm-
ased digital tools to engage perceptual, motor, and cognitive
iming processes across diagnostic boundaries. By demonstrating
easibility and identifying trait-specific moderators of response,
his work lays the groundwork for a scalable research program
nvestigating rhythm-based digital tools as candidates for person-
lized interventions targeting timing and executive mechanisms
n autism. 
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